Formation of twin boundaries during the growth of semiconductor nanowires is very common. However, the effects of such planar defects on the electronic and optical properties of nanowires are not very well understood. Here, we use a combination of ab initio simulation and experimental techniques to study these effects. Twin boundaries in GaP are shown to act as an atomically-narrow plane of wurtzite phase with a type-I homostructure band alignment. Twin boundaries and stacking faults (wider regions of the wurtzite phase) lead to the introduction of shallow trap states observed in photoluminescence studies. These effects should have a profound impact on the efficiency of nanowire-based devices. * rubelo@mcmaster.ca 1 arXiv:1810.01194v2 [cond-mat.mtrl-sci]
I. INTRODUCTION
solid source effusion cell was used for Ga, while the group V source was P 2 obtained from a high temperature (950
• C) PH 3 cracker cell. NW growth took place with a Ga impingement rate of 0.125 µm/h, a V/III flux ratio of 2 and a substrate temperature of 600 • C. Details of the growth are presented elsewhere [16] . After growth, NW arrays were characterized by scanning electron microscopy (SEM) using a JEOL 7000F operating at 5 kV. The SEM image in Fig. 1 indicated NWs with ≈1 µm length.
The NW structure was investigated in a FEI Titan 80-300 LB aberration-corrected scanning transmission electron microscope (STEM) operating at 300 keV. The NWs were removed from their growth substrate for STEM investigation by sonication in a methanol solution followed by transfer to a holey carbon grid. NWs had 50 nm diameter as evident from the dark-field STEM image in Fig. 2 Table I .
A supercell of ZB GaP was created along the [111] direction as shown in Fig. 4 were created by altering the stacking sequence as shown in Fig. 4 (b). The structures can be accessed at the Cambridge crystallographic data centre (CCDC) under deposition numbers 1870794
and 1870797, respectively. The supercell relaxation was performed by minimizing HellmannFeynman forces below 2 meV/Å and stresses below 0.1 kbar using a 6 × 6 × 1 k-mesh grid and the SCAN functional. Subsequently, electronic states were calculated with the HSE-06 functional using a 6 × 6 × 1 k-mesh grid.
To present the band structure of the WZ phase in the f.c.c. Brillouin zone, a supercell was constructed based on a 4-atoms WZ primitive cell by applying the following transformation (rotation) matrix in VESTA software [24] 
An advantage of the resultant 12-atoms supercell is its compatibility with f.c.c. translational lattice vectors (the multiplicity of 1 × 1 × 6). The later allows us to use a band structure unfolding [25] as implemented in the fold2Bloch utility [26] and present the WZ band structure in the same Brillouin zone as used for the ZB phase.
III. RESULTS AND DISCUSSION
Optical transitions with energies lower than the fundamental band gap of 2.34 eV [27] for bulk GaP (at 10 K) observed in the PL spectrum (Fig. 3) indicate the presence of localized energy states within the band gap, possibly arising due to TBs and SFs. To explore the spatial distribution of charge carriers, the plane averaged wave function amplitude |ψ(r)|was calculated using HSE-06 [23] exchange and correlation functional. According to wave function amplitude distributions along the c axis shown in Fig. 5(a) , the defect-free structure displays a uniform wave function amplitude distribution in the supercell whereas, for the structure with TBs
[ Fig. 5(b) ], states at the CBE and VBE are both accumulated at the TB. Furthermore, the degree of localization is more prominent for the CBE than for the VBE. Additionally, a structure was constructed to simulate the presence of an extended WZ segment at twin boundaries as illustrated in Fig. 5(c) . The wave function amplitude for CBE and VBE is again spatially localized. The degree of localization is similar for CBE and VBE. It is also found that two envelope functions in First, we investigate the origin of localization of the electrons and holes at the defect regions.
To understand the origin of this localization, the atomic arrangement in the defected supercell was analyzed. Group III-V semiconductors adopt a ZB or WZ type atomic arrangement depending on ionicity of the bond. GaP, being relatively less ionic, naturally exhibits a ZB structure with WZ structure being unstable in bulk. However, in the NW configuration, the WZ structure can become progressively more favourable under certain growth conditions or as the NW diameter decreases [28] . Structures in Fig. 4 can be viewed as a sequence of bilayers (one group-III and one group-V atom per bilayer) stacked along the 111 direction. The ZB structure follows an . . .ABCABC. . . stacking sequence of those bilayers as shown in Fig. 4(a Fig. 6 . The co-exsistance of ZB/WZ segments within a structure has been referred to as polytypism. This effect has been studied for multiple systems such as GaAs [30] ,InP [31] , InAs [32] , ZnO [33] , Si [34] and other III-V and II-VI compounds and has been shown to have a significant impact on the optical and electronic properties of the materials.
Electronic and optical properties of the WZ phase are very different from its ZB counterpart.
This difference could explain the unexpected PL transitions. Previous experimental and theoretical investigations suggest that the GaP WZ structure is a pseudo-direct band gap material with a lower band gap of 2.13 eV (at 4 K) as compared to 2.34 eV (at 10 K) for the GaP ZB structure [35] [36].
To predict the effects of narrow WZ regions in ZB phase, it is crucial to establish the relative alignment of CBE and VBE in the two phases.
Prior theoretical studies suggest that III-V semiconductors in a WZ/ZB homostructure gener-ally follow a type-II band alignment [37] . This type of the band alignment will favour a spatial separation of electrons and holes at the WZ/ZB interface. In the case of GaP, literature shows a disagreement about the band alignment between the ZB and WZ phase. An early theoretical work by Murayama and Nakayama [37] proposed a type-II alignment, whereas later results by Belabbes et al. [13] claim a type-I alignment. Polarization-dependent PL measurement reported by Assali et al. [38] support a type-I alignment. It should be noted that Murayama and Nakayama [37] used a local density approximation for the exchange and correlation functional for calculation of band offsets leading to a significant underestimation of band gaps for ZB as well as WZ phases. Furthermore, the WZ structures used for these calculations were completely relaxed, which would not be applicable to a homojunction because the WZ present at the TB would be lattice matched to ZB phase along a and b axis leading to an epitaxial strain in the a-b plane, while the relaxation of stress along the c axis is permitted. This necessitates a further investigation into the band alignment pertaining to the present case.
An average Coulomb potential serves as a reference energy in DFT calculations of solids with periodic boundary conditions. This reference energy is ill-defined due to the lack of vacuum. Thus, band alignments cannot be derived directly from eigenvalues of ZB and WZ structures obtained from separate calculations. The first step to reliably determine the relative position of band edges in the two phases is to identify a reference state that does not change with the crystal structure. Core states are an ideal candidate for this purpose as these states are least sensitive to local coordination of atoms and thus should be virtually unaffected by changes in the valence electron density (see Appendix for a rigorous evaluation of the associated inaccuracy). This approach was successfully applied to the calculation of volume deformation potentials in III-V and II-VI semiconductors [39] .
Eigenvalues of the 3s state of Ga are obtained for bulk ZB and WZ structures from separate calculations (WZ is lattice matched to ZB along a and b-axis, and allowed to relax along c axis). 
The adjusted band alignment is displayed in Fig. 7(b) . The discontinuity in the valence band (∆E VBE ) and that in the conduction band (∆E CBE ) are evaluated as:
Calculations using HSE-06 exchange-correlation functional yield ∆E VBE = 137 meV and ∆E CBE = −20 meV. In comparison, Belabbes et al. [13] obtained ∆E VBE = 135 meV and ∆E CBE = −14 meV with a completely relaxed WZ structure. The approximate sign in Eq. (3) indicates a small inaccuracy of ∼ 5 meV in the ∆E 3s term associated with a shift of E Ga 3s energies at the WZ/ZB interface (see Appendix for details).
Calculations with HSE-06 functional indicate a type-I band alignment for the WZ/ZB GaP homojunction which agrees with the spatial localization of CBE and VBE states in Fig. 5 . However, a stronger spatial localization of the CBE state in Fig. 5 suggests their stronger quantum confinement, which seems contradictory to the band alignment results. It should be noted that the alignment calculations are done for the band edges without paying attention to the band character.
In ordinary heterostructures, e.g., (InGa)As/GaAs, band edges of the quantum well and the barrier material are both located in the same k point of the Brillouin zone. However, this is not the case in the WZ/ZB GaP homostructure where the band edges belong to different points in the f.c.c.
Brillouin zone (∆ 1 vs Λ 1 for the CBE) as shown in Fig. 8 . Alternatively, the band alignment in the conduction band can be evaluated at the same Λ 1 point for both structures, resulting in a much deeper confinement potential for electrons. A similar situation takes place in GaAs/AlAs quantum wells, where it is customary to consider an electron localized in a GaAs domain as confined by a potential barrier corresponding to the energy difference between Γ 1c states of AlAs and GaAs [40] .
The accuracy of band alignment is further validated by using a more traditional and well established method laid down by Van de Walle and Martin [41] , which involves examining the macroscopic average of the electrostatic potential determined in the bulk-like regions of each phase in a supercell (further details can be found in the Appendix). The two methods showed values of the band discontinuity within 10 meV of one another.
The calculated band offsets can now be used to assess a quantization energy. In GaP-WZ/ZB homostructures, the trap states are relatively shallow [ Fig. 9(a) ] due to the narrow width of TBs and the associated quantization of the electron and hole states. The energy of recombination of excitations trapped at TBs can be calculated using a solution of the Schrödinger wave equation for a one-dimensional finite potential well as follows [42] :
where is the reduced Plank's constant, m is the effective mass of hole (electron), V is the depth of potential well, i.e. ∆E VBE or ∆E CBE , E is the quantized energy level within the well and L is the width of the well. (Fig. 10) .
Finally, we discuss the asymmetric nature of the probability density distribution seen in Fig. 5(c) . Group III-V WZ structures exhibit a spontaneous polarization along (0001) axis [44] , resulting in a built-in electric field in ZB and WZ segments that causes a charge segregation at the WZ/ZB interface. This effect has been widely studied [44] [45] [46] in various III-V compounds. It has also been shown that change in absolute as well as relative thickness of ZB and WZ phases lead to variation in the intensity of the built-in electric field. Wider WZ segments result in a stronger electric field and, hence, more prominent charge segregation [47] . Similar behaviour is expected for GaP. This segregation is expected to be present at a twin boundary as well as adjacent SFs acting as wide WZ regions with a higher electric field as compared to an isolated twin boundary, which leads to a stronger segregation of charge carriers seen in Fig. 5(c) .
IV. CONCLUSION
The effect of twin boundaries and stacking faults on electrical and optical properties of GaP nanowires was studied using experimental techniques in combination with ab initio density func- 
Finally, the valence band offset ∆E VBE is defined as:
The calculated band offset ∆E VBE = 110 meV agrees with the corresponding value of 118 meV determined with PBEsol using Ga 3s core states as the reference [Eq. (3)]. Since, both methods yield the same results, we prefer using the core states as a reference due to its simplicity.
Misalignment of core states: When Ga 3s core states are used as a reference for determining the band alignment, it is assumed that the E Ga 3s energy in GaP is not sensitive to the crystal structure (ZB vs WZ). Accuracy of this approximation can be further tested by analyzing a discontinuity of E Ga 3s at the WZ/ZB interface of the 120 atoms supercell discussed in the previous paragraph. The calculations were performed with the WIEN2k [50] , an all electron density functional package.
The WIEN2k basis set is better suited than VASP for this purpose, since core states are confined within muffin tin spheres centred at individual atoms allowing for an easy link between E Ga 3s values and atomic coordinates. The radii (R MT ) of the muffin tin spheres are chosen to be equal to 2.36 and 1.93 Bohr for Ga and P, respectively. The product of the minimum radius and the maximum cut-off wave vector in the reciprocal space was set at the value of R MT min K max = 7. The Brillouin zone was sampled using an 8 × 8 × 1 k-point mesh. Evolution of E Ga 3s core energy levels along c axis of the supercell is shown in Fig. 11 . A discontinuity in the E Ga 3s energy level at the ZB/WZ interface is about 5 meV, which sets the error bar for band offsets obtained with this method.
The slope of energy levels in Fig. 11 indicates presence of an electric field of equal magnitude 
